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THIZ REACTION JET AS A HEANS OF ‘\““\l l\“\‘\‘\\m‘\m‘

PROPULSION AT HIGH SPEEDS ;ﬂ__,

By Devid T. Willliame
SUMMARY.

In order to facllitate the appreisal of ths conven-
tional jet as a means of provulsion, a sinple equation 1s
derived by means of which tho performance of a large varl-
ety of eoropropulsive dovlicos onn be estlnated. Tor any
roartlcular device with o glwen drag coofilcient, a maxinmum
net propulsive efflcloncy oxlists that 1s o Tunction only
of the mechanical energy irput per unlt initlal enersgy of
tho clr handled by the propulsive systom. Tho convention-
al Jot with and without nmechanical conpression 1s driefly
trentod. There i1e deseribed and analrzed o dorice that is
desiyned to provide en efficlont nethod of achlieving flight
for speods at which the conventlonal propcller canrot de
usod bocause of tho conprossidilit» durdle.

INTR0DUCTION

The efflclencr of tae ordirearry nlrplane nroveller
fnlle off ot high speeds tecnuse of the comnressidility of
the alr. The decrense is apparent even ot the present
tine ond will probablr Hecone »rogressively more serlous
as alrnlare speeds are increased 1lan the future.

Tahe convrentional renction jJet has been consldered dy
napy nuthors o8 a possidle alternatlive nmonns of propul-
sion (seo references 1 to 8); t» "convontional ronction
Jot® 1s hore meont an acroprovulsivo devlice including o
furnoce 1n srhich fuel 1s buraed with alr undor pressure,
the products of conmdusticn bolng allowed to oscapo roar-
ward tarouzh a nozzle. The thrust exertad dr tho device
is tho reactlion to tke roarwnrd nonmentun of the exhaust
#nses, The conventional Jet is presurmod to dc less effi-
clent thar is the ordinarr airplare propellor at low alr
spocdas novertholoss, 1t 1s oxpected to be able to exert a
hish thrust and at the samo time to be light ard conmpact
cnough to actuanto oa airplano in high-speod £light of short
duration,

Any devico that propols tho cnbdlent alr rearward nay
bo considerod, in n strict senso, to be a Jot, whether or



not all the eir handled is passed tkrough a thermal cycla.
A theory of the geaerallszed Jet so deflned would include
both the erdinary propeller and the conventional Jjet as
specinl cnses. The purpose of the fellowing analysis is to
present suck A theory, by means of vwhich the ontimum effi-
clencles andthe performanca regulrements for succassful
flight car be determined.

ANALYSIS AND DISCUSSIOXN

The symbols used are defined ms they are 1ntroduéed
into the discussion. DFor convanience, they are also list-
ed with their definitions as appendix A,

Trhe general equation.~ The production of power for
flight mizht be thougk? of As a combination of three sep-
arate processzg: first, tkhe burring of fuel ir soms sort
of prime nover to obtain meckanical enercsy; socond, the
trangfer of the meckanical energy to the nir stream that
passes through the meckanism; And taird, the ejasction of
tke accelerated gases rearvard in order to mromel the air-
plane., The three vprocesses will each have an offilclercy
characteristic of the energy coanversion involved; the ra-
tio hetwsen the thrust work on tte airnlane azd tha hesnt
energy of the fuel used will bc a nroduct of the three
partianl afficienciles.

The firet partial efflicisncy, ckarncteristic of the
transformation of heat energy of the fuel into mechanical
energy, will be called the cycla efficlancy N and 1s
defined by

ntEf % W; (1)

Here Ef is the heat energy present in the fuel durned

per second in the prime mover {or v»rime movers) of the air-
plane and W, 1s the mechrnical vork per second made

Avallable by the prime mover for transfer to the air
stream handled by tha device. TFor esxample, in the case of
the conventional gas ergine-propeller combination, N
would b2 the product of the thermal efficlancy aAnd the me-~
chanical efficlency of the engine. For a reaction jet
with a mochanical compressor and with the fuel buraned in a
furnace, N vould be the ratio of the theoretical 1n-

crease in kinetic ensrgy of the alr stream to the heat-



enorgy lnput to the prine rovors. The hoat-enorgy input
Ef ls oqual to tho product of the ckemlcal encrgy ir tho
fuol end tho corbusilorn officlionecy of tho burning process.

The socond partial officloney, tho goenoeral nechanicanl

efficloncy of the systen np. 1s doflined Dy

T]PWI. = WQ (2)

whero Wz 1e the increase 1an kinetic onergy with rospect

to .the airﬁlano of tho oxpelled air hondled in 1 seccond oy
the device, Ir particular, if tke alrplare spood is 7V,

and tho veoloelty of tho oxpolled air relative to the alr-
Planc is Vz, ond &4f =n 4is thc nass of alr hondlod po?

gecond,
Wa = g (738 - V°a> = T]P'Wl (3)

It wilil bo convorlent to find an arxproxinnto expres-
slon for np in torns of the geonrotry of ths Jet dosign.

It 18 cloar that the function of ﬂp i1s to nccourt for

the intornal drang loss in the jot, that 1s, in tho Jif-
fusor, tho conprossor or fan, and the nozzlo. If PL is

dofined ar such o loses, it mar bo oxprossod in general os

- _1 e 53
PL =3 G-Di vos Si =3 CDi hud Vo A-o (4)

where p 1is tho donsity of the alr, and GD is an ovor-—

all asvernge drag coofficiant, basod on tho insido duct
oroa and verying only slowly with the volocity, Tho total
intorlor surfaco is 83, and Ay 1s tho roforonce cross—

soctionnl aroa of the alr stroar ontering tho duct at o
point wvhere tho velocity i1g that of the free stroan. In
torcs of PL

= EE = .‘TL.- 5)
or o Wi Wi (
= 1 - —"L— 6
k T 27) (&)
2 Vo

where




8y . :
XK =0 7
DL, (7)
"nnd 1s the irternal drag cocfficlont basod on tho area 4.

How, o variadle ¢ is dofined b

¢ = l‘;__: (8)
Z Ty

Tho spoclific onorgy input € 1s the rmechanlcal energy in-
put per unit of initinl kinetic enerz of the incldent air
gtrenn.

Then € 1is introduced into eauation (6),
R
Tp =1~ (9)

- The taird partinl efficiency, the wake efflciency,
ey 18 defined by

Ny ¥a = Pp ' (10)

Here the thrust vower, Pp =5 (V3 = Vo) ¥, 13 the vprod=-

uct of tha Jet thrust and the airplano eneed Fron equa~
tion (10) and with the aild of equation (3)

(vs =N

This 18 the well-~known expressior for the ideal propollor
efficiency. But V; 1s known fron .

(vf - voa> =Ty T B (12)

(11)

mm n]

so thaoat

Y n B, @ —
3 _ 2t f = -
7 _‘// 1 + - K = /1 + ¢ K (13)

o

Thereforeo



n, = - 2 (14)

1l + / 1 + € - K

The thrust power PT of the device vwlll be glven by

2
PT.—.Jnf'nt'n]pnw=1nf'nt<1---f-)l+1..:_.6__.K (15)

4 portion of the thrust power of equation (15) will
overconc the exterior drag of the duct itself. Assune
that the increase in tho over—-anll drang coefficlient of tho
alrplane asesoclated wlith the duct is ODe, based on tho

wing area in the cugtonmary manrner; the corresponding in~
- erenent in power Pp used in driving the alrplane nay be

written

z r _ g 5
Pp = § Op, To® 8y = 3 Vo Op, 3 (26)

where S5,, 1s the vwing area. If an exterior drag coeffl-

cilent P Dbeased on the origlinal Jet etrean cross sectlon

AO is defined by

5
B = ODO ﬁ (17)

equation (16) can be written

B TNgE
Pp == VS pa= L S Y 8. (18)
2 5 "¢
ntmf/g Yo

It 1s asguned that B 18 dependent onl® on tho geonetri-
cal fornm of the Jet. The net thrust power P,,¢, that 1s,

the thrust power avallable for overconing the drag of the
alrplane elone after deducting Pp fron the total power

Pp, 18 defined by

Pnet = MiBe [(1 - f) g - %] (19)

1+./1+€-K

Two over-all efficlencies are now defined. The net
propulsive efficiency Ty, = Pnet/MyBs 18 the ratio of




the net thrust power to the —~oechanlcal erergy avallsivle
for Introduction into. the alr strean; the net over-all
efficlency N =T Ppo4/EBe 18 the ratlio of the net tharust

power to the hecat energy lr the fuel consuned per second.
(The over—-all efficiencles should ve carefully differcn-
tlated from the partial efficionciles Ty, Tp, and Ty

previouslv used.)

. In tho net over-all afflcloncy

R e R IRA R

+ 1l + € ~ K

i1t is apparent that TN varies directly with Ty and Ty,

The net propulsive officloncr
2

™
= (1 - E -
e s 08 A

is conpletelv deternined for any design of duct o7 the

o

(21)

x .
gsvecirfic power input ¢ = ﬂi—if. If the external and the
27y
o (o]
internal drag coefflcients W and K, respectively, are
fixed for enyr t7pe of Jet, the scalo of the Jet nay be
arpitrarily changed wlthout altering the efflciency of the
device b7 nmelntaining € constant.

Tho goreral rcanmer of varlation of Tpy with € 1is
shown in fi:ure 1 for various values of K and u. In
every case ﬂpr rises ropldly» with on incrense in € 1o

a flat naxinun and ther falls slowly¥. The naxinun effi-
_eclency (npr)nax 18 lowver and tke corresponding nbscisse

€hnx 18 lerger, the larger K or p "is; that is, the
naxinuc obtainadble net propulalve efficiency decrenses os
the duct drag, either interior or exterior, ig increased
while tihe speclfic nower input required for the attalnnont
of maxipun 1T,, increasos witk K. or a, -

Now, In fllght tho net thrust T 18 equnl to the net
drag or

g
it
lpe]

Op V.2 8, | (22)



whore OCOp 1s the over-all déag coofficlent of the alrplanc

whon the duct drag is neglected If the gross welght W
of tho airplane 1s given as i '

v =% 01, voa Sy (23)

where O7 is the over~all 1lift coofflciernt of the airplano.
then

m=w£n ' (24)

The thrust power will be T 7, -and the net propulsive ef-
ficlency can be writien .

v " )
—_— - - - 25
Tpr ﬂt3f°L° (1 >L+../1+e-u ¢ 9

Equation (25) provides a means of determining the
conditions under wialeh flight will be possible for ary
glver jJot deslign. If B and K are given, a maxinum
value of ﬂpr can be found; then the comblnations of the

power loading W/MyEe and the lift-drag ratio 03/Cp re-

qulired to ovtein flight at ary glven speed can be deteore
mined. Alternatively, an indicatlon of the maxinum alre
plane wvelocity that can be attained with the given jJet de-
vice may be determined whon the power loading and the
llft—-drag ratio are known,

For any given thrust device, a value of € for which
npr is a naxinun nay be found if p and K are assumed

indenendent of €. If Ty, of equation (21) 1s differon-

tlated and equated to zero, the resulting equation may de
solved for € ,,, the € correspording to the maxinun

value of Mpp. The result, as derived in appendix B, ia

..-.J'-‘-il-"—z-i—‘-l-_)-+2n+ (12*-+1)/p9+4(u-+ k) (26)

‘na.x

This value may bde conputed and inserted in equation 821)

to rleld the maxinmun net propulsive efficlency (Npr nax

prodicted for given wvalues of Y and K.




a =

risuro 2 gshows the variation of the maxinum net PTo—
rulsive efficlency (Mpr) . with $he internal drag coef-

ficlent K for various assunod external draz coefficlents
Be Thé slight slove of the dotted lines shows that condi-
nations ¢f values of ¥ and K waich glve the sane value
of, €,o, i8ive the same value of (ﬂpr)aaxr within approxz-—-

inately 5 percent for the ranges of p oaond K consldersd.

The conventionnl Jet.- As an ftllustration of the use
of the theory in the prediction. of performance, the case
is conslidered of a jet without mochernical precormvrossion,
burring a pixture of gasolinp and alr. In thls case, =n
and V, are coanstant ard the nixiure sitrongth ls varied;

B
taat 1la, € = Et——é— is variandle onlr in BEs.
. * n. -v . N 1
: g ° : .. '
If oquation (¥5) is solvod for W, after M Ee is
exprossed in termm of € and Vo. thore is obtalned,

“] (27)

'=(..Ec§. ) [(" -9) 1+fi_?u+ ¢

The gross woight v of tae alrplane 1s seen.to increase
with € up to.its greatest pésgidle value. ‘namely, €5,

which is attaized when g ‘atoichiometric air—fuol mixture
is burned in the jot, -

Turther insight into the most 1nterestin5 features of
this tyno of dewice may te gained without oxtomdod discus-
sion, Assumeo that-the entiro velocltr head of the irduct-
0d alr is . transformed into pressure with.an officinncv of
100 percont. Then. if all losses are “eglocﬁod the thoo~-
rotical alr céycle 'cfficiency may be Yound dx the use of
familiar rolatlons.

The initial kinotic eﬁdrgv of a uuit.rass of‘air will
ba transformed by the. actlion of a diffuser into prepgsure
according to the rclationsnip

. . . . ,L-l
-v'a '58 - P‘ ¥ ' . i
o I8y 1). .
= —= -1 28
2 ¥, - 1 L\Pq. 5 B (28)



where a, is the woloelt™ of sound outside the duct, P

_1ndicates pressure, Y is the ratlo of the specifilc heats
" fof al?, and the sudseripts o and -1 refer to the state
of the alr vefore and aftor compression, respectivelr.

If the elr 1s heated at a constant pressure p; and

1f 1t is then allowed to expand adiabatlcally to the orig-
1nal pressure Pyg» the thermal eofficlency of the entlre
cy¥cle 1@

Y=l
D Y
= - [ =0
My =1 ('_91)
Since, by equation (28),

y-1
]

30> - 1

[] = : \ =

1 ('Y - 1, vo
1 +

2 ag

the c¢ycle efficiencr ﬂt can bpe expressed as

&y = 1) 4

- 2 (29)
T -
1 + = 11

where Y 1s the Hach number V,/a,.

If Y 1s assumed to be 1.4 and tho tempeiaturo ofethe
outside alr is apsumed to be 59° F, ay® is 1.246 X 10°;

0.81 x 10°
1.246 x 10°
and Ty 1s 0,115. 1If E; 1s 19,000 Btu per pound of fuol
and tho thoorotical air-fuol ratio 1o 15, tho cnorgy input

€g 1s

a
then, if V, = 900 foet nor second, Y

= 9.01

e _ TgBp  0.115 x 32.2 x 19000 x 778
8 - a -
2v 18 x 0.81 x 10°
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The weight and the kinetic onergy of tho fuel are hore ncg-—
lectad.

Baceueoe the value of €y is large, the offect of o

and K may be neglocted with 1little error. (See fig. 1l.)
In such case the net propulsive efficliency wlll be

) nPr = = 0.48

2
1l + J 10

and the net over-2ll efficlency NN, 1s 0,055, correspond-
ing to a fuel rate of 2.44 pounds per net thrust horsepower-
hour.

Such & low efficiency would certainly limit the range
of an alrnlane prnpelled by the suggested device; but, if
high~apoed flight of short range is desired, the lightness
and the compactness of the mechanism might -ake it useful,
Furthermore, the -efflcioency could be increessd in o numbdber
of ways, First, the fuol-air rcixture night vo leanod to
docroase €. According to figure 1 the eofficlency would
inereaso if the zizxture wero leanod;; bvut from equation
(28) 1t is clear that the gross welght would havo to bo re-
duced, ond the size and therefore the drag of tho Jet
would be groater at an ocqual wvaluns of the thrust. Secord,
a fan night bo used to compross the alr further; the over-
all effliclency would be incroased but the wolght of the
machinery used nmigat possldly crnusc a reduction in tho use-
ful load oven though tho gross airplane welgat would be
increased.

In ordor to show the mzrner in whlich the addition of
o for for comprossion-would affoct tho thermanl efflicloncy
and the wolght of t.¢ mechanism, the curves of flgures
3(a) and 3(b) havo been plottocd. The curves show the vard-
ation nf officiencios T, T, and ﬂpr with the ratio
of the comprossor power to the thrust power nt alr epoods
of 700 and 900 fect per socond, respectivoly.

Tho Indicatod cyclo officlency ﬂt of flgure 3 1s the
near of the officienclos of the Jot and the conmprossor.
Lot TMg' and MNg" bo tho crelo efficlercios end Eg! and
Ef“. tho onorglos prosont in the fucl dburnod ir theo Jet

and theo conprossor englno, reshectively. Thon tho follow=-
ing cquotion will define T :
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Mgt Ept + Tigh Ee"
Be !+ Eel

When the data were computed for the curves, this expression
was used, " Deing assumed corstant and equpl to 54 por-
cent, corrosponding to tho air crecle officlency of ar Otto
cycelo engire with a compression ratio of 7. The usuol sx-—
proscion for the officloncy T' of o corstant pressure
alr cyeclo 1s )

Mg

- . - -~ » [P

V—l

nea- @) =1-<p1> @ 5y

Hero the wvaluo of ¥ 4g¢ 1.4, p 1is tho prossure, aad tho
subscripts o, i, nnd 2 rofor to froo—-strenrn, cornprossor-
intako, ard conprossor-outlot »reseures, respectivelr. If
the air-strean kilnetic oncvrgy 1s assunod teo bo trazsfornod
irto pressure wita 100-vorcent offlciercy,

S Rt
/Py vy =1 72 v -1
1 - . - a
—= =1 + —_——= 1+ —= U
Tho conmprossor powor P, 1ls dofincd as’
[ Y1 y-~1 Y-1
Y Y Y
a,2 Pa aoﬂ (P Pa 1
Pc = m—————— l. —— - 1 \"‘— —— =
Y -1 P, _ - P, P,

where a; 18 the velocity of sound at the compressor in-

take, and the thrust power is defined 1n equation (19) or
by

= My 2 Tpy

The value of By 18 found on tho assunptlon thaet the fuel
has an energy of 19,000 Btu per pouad. Tho not prooulsive
efficlency included in figures 3(a) and 3(b) is found oy
the use o0f oquation (21), in which g nnd p are asguned
regliglblo as conpared with €, Tho wolght ard the kinetic
enorgy of tho fuol are also neglectod.
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Three alr-fusl ratios are considered in figure 3;
15:1, 30:i, =&nd 45:1; 1n all cascs the ratlo of the
conpressor power to the thrust power rises rapnidly with
¢cycle officlioncy, even though all drag losses are noglect-
ed. Tor purvoses of conpoarisor on thias figure, the alr
cycle thernal efflciency of 54 percont 1s shown corregd>ond-
ing to tant of an ordlnary gasoline engline with a compres—
slon ratio of 7; also, a propulsive efficlercy typlical of
an ordiansry propeller at lower air speeds is included.

The ratio Py/Pp for a propeller-driven airplane with a

propulsive efficlency of 0.85 would be 1.173. The rela-—
tively low over-~all efficlency TN of tae Jet as conpared
with that of o propellor-driven alrplane is traceable to
tho low »ropulsive officicney npr' This low propuleliveo

oefficioncy in turn 1s roquired bocause the alr ls nassed
through a thermal cvcle. ZEveon when the thermal offlclency
of tho jJet 1a as hioh as that of an ordirary sirplane en-—
gino, the total efficiency 1s subebtantinlly lower thnn

that of ~2n ordinary onginc~drivon propeller., If Pc/PT is

usod as a rough rensure of tac total wolght of mechaonisn
per unit thrust power, the Jot is seon to have a wolght ad-
vantago over the ordinary engine-~propellor corbination,
altktough tho officlency 1s lower.

The curves of figures 3(a) and 3(b) rlso demonstrato
the pdventage of the use of sonme mochanlccl conprossion as
a neans of lncroasircg the officloncy of tho sinple jot.
The thernal officiency is doublod wher the ratio of the
conpreseor nower to tho thrust power increases fronm 0 to
about 0.2.

At & low value of P,/Pp, tho region corre spending
to thec convontional Jet, the increace in alr-fucl ratlo is
found to inprove somewvhat tho total officloney for o glven
conpregsor-thrust power ratio. For exanple, at Pc/PT =0
tho valuc of TN aporoaches that of Ty, which is snall.
A fact not evident from tho curves in figure 3 is that this
increaso in ¢fficioncy iz accomnhaniod dr somo incrense in
drag as well ag 1n velght of thec mocharisrm for a glven
thrust power. If the nechanisn 1s small as copharcd with
tho entiro alrplano, howovor, the officlcner night etlll
bec profitavly inprgved in tho nmanner indicntod.

At Pe/Pp equol to or greator thon 1, tho offoct of
loanling tho mixture 1s nore nmarked. The cyelc offlcloncy
will a>proach a constant wvaluo ogual to the crele officion-

«d
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cy of the conpressor engine as the guantity of fuel burned
directly ir the duct decreasses. In the 1lirit when all the
fuel is Purred in the compressor engine, there is no longer
any necesslty for greatly conpressing all the alr passing
through the device. If the degree of conpression is re-—
duced and the quantity of air handled is increased, -the
syaten becores the conventioncl gasoline ongine-~driven pro=
pellor and Pg/Pp = 1/My,.

In the discussion of the reaction jJet with precon-
presslon, 1t is apparent that: (a) Tho conventional jJet
1as lightor and noro comnhact -than the enzine propeller for
the sare thrust; (b) its efficlency ray be slightly in-
creesed by leaning the fuel-alr nixture or by using e
higher conprossion ratio; and (c) its over-all officlency
wlll be =2t bost ruch less a2t alrplano spcods in tho range
congslderod than the efficlencles of propeller-driveon ailr-
Planes at lower speedn.

The nechonically getuated jet.~ Instead of an analysis

of o serles of Jet deslgns, a device is descridbed Dy neans
of which high nropulsive eofficiencios may¥ be obtalned at
speods above whlch tho propoller begins to loso efficloncy
becausc of alr conprossivilitr.

Bocouse the cyecle officioncer has o predomirating in-
fluerce on the specific thrust powor, the prinmo mover will
bo ~ gaselino erginc workirg at tho highest Dossible conm—
Prossion ratio, that is, tho highost possidle thernal of-

ficioney. I order to mnke m variadblo in € = Bi_ﬁg,
2 To
so that tho optinum valuo of € can be utilized, the on-
oergy of the priro nover will be transmitted to an arditreory
nags of alr n by neans of a fon. In order to have the
optircun specific thrust nmower aos high as possible, the
drag of the nochanisn, intorior and exterior, will do as
snall as possiblo; tho rass of air handlod should thon bo
fairly laorges Thus far, the 1deal device answers the de~
scription of the ordinary nropeller. But, at sonme alr
speeds, the conpressibility durble will begin to form or
the propeller. For tkis and higher alr speeds, ‘the pro-
Pelley will be enclosed in a duct so designed that the air
speed at the propeller tips will be less than the burdling
speeds The internal drag of the duct will be kept as low
a8 pogslible bv thoe officiont transforrmation of veloclty
hoad into pressure; tho propeilor (row an axial conpressor)
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‘wlll compress the alr, which will then expand through a
nogzle toward the rear. The detalls of the installatlon:
depend on the design spesd and tho duct drag coefflicients
K and M.

The generalized proveller-actuatod jeot 1s diagrammed
in figure 4; 1% corsists of a diffuser, a propeller or
fan, and = nozzle. Throe types of installatlon are shown
in figure 5. Tho irnstallation of flzure 5(a) is mounted
on the fusolage, and the tractor and the pusher installa-
tions of figurco 5(b) ard 5(c) are mounted on the wing.
In figuros 5(z2) ard 5(c¢c) ‘air is scavengod from the bound-
. nary larer so that somo advontage can be taken of tho ki~
notic onergy inducod in tho air by the .drag of the air-
plere. Stationarr fins in the duct straighton out the ro~
tationel flow nnd serve also &s strute to hold the duct
rigldly to the airplano.

The proccding theory saould be amnplliod with caution
to tho design under conaideration. Tae drag cosfflclcont
K was originally akguned to be constrnt with resmect to
the specific powor iaput €. Thls aecsurption is rot valld
1f € 4is incroasod in practico by incroasing the nundor
of stageos 1» an axial-Tlow connrossor beocauso K, in gsuch
n case, will incroecso wita €. It is recasoaadlo to gssunmo,
- howevor, that tho efflcionclos of tho diffusor, tho con-
prossor (or the propollor), and tihe nogzle aro tie coa~
stants N,, T;. ard T, rospoctivelyr. Tho nnelysis
nay thoroupon be carried turough as ‘iz appondlx C. Becnuso
of tho dopordence of K upon &, the propulsive efficliorn~
cy ﬂpr is o differernt function of € from that expreassed
in equction (21). This functilorn may be »ut into the same
Torn n3 equation (21) or the introductior of certain aux-
iliary guontities; ond tence previouslr derived expressions
nay bes used in tihe detsrmination of npr na2d € without

the necessity of further analrsis.

In particular, four auxiliarvy quartities aro defined,
nanely, .

nyr' = npr/nlﬂa

€' = €My

! = W

k' o= L (1 - NNy
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where { =1 - (Yla/voa); these auriliary quartities will

be rolatod by_an eguation of the same forn as equation
(21) with Mpr. €, 4, and k replaced by the corre-

geponding prined quantlitlies; thus

' ) 2 LBt
Tor’ = <1 i %T) 1+ V[i + et - g1 € (217)

In order to deternine nPT for a given €, T,, TN;,
Mg, ond W, firet find ¢! = ¢ MiNz. Br equation (217)
with k' = ¢ (1 - NgMg), W' =@, and €' as deternlned,
find npr': then ﬂpr = nlnﬂnpr' ig specified. Also
"nax can be determined br use of an equation similar to
equation (26), namely,

C"ma.x = E_!(u'+4) + 2K + (_.:_5 + 1) /p|a * 4(“l+|‘l) (26!)

2
Thereunor €pax and @br)rnx nny be found as indicated.

In table I are ligted special casos in which three
sets of assumptions as to rartlal efflclioncles ereo mado
for two assumod volocltles. Tho throe sots aro progres—
8ivoly loggs optlimigtic, bPut thorc aprears to be some reason
to belleve that even the most optimistlic set is withln the
range of attainment. BRecent unpublished tests lndlcate
that ore mar homo to deslign the front of the duct to per-—
form the function of a diffuser with practically 100 per-
cent efflciercv: and, as long as the velocitles within the
duct are low, the surface friction can supposedly be kept
wlthin tihe limite indlcated. Tae exterior drag coefflicient

b mi 2t be kept low by vartly submerging the duct in the
fuselage.

The valuos of (nPr)max 1iated are proporly to be

conpared witih the propulsive offliclency of an orglnre and a
propcller or thce convontlonal airplane. Thls efflcloncy
10 avout 85 porcont at low alr speeds. It 1s appareant
that the predlcted vorformarco of the devico described 1s
elther about equel to or about five~eighths as largeo as
that of the convontional propeller, dgpondirg on wheother
the first or the third sot of assumptions 1s nada.
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-." That ‘the power loadings predicted in table I ropro-’
sent rather stringent requirements 1s apparent fronm tadle
II, In table II are listed the power loadings end the eosg-
tinated 1l1ft-drag ratios for three modern ailrpleanes; also,
for reference, this table contains characteristic raxinmum
lift-drag ratios for an NACA 4412 airfoll. The low power
loadings required for flight under the conditions agsumed
cone pr%Parilv from the fact that, whereas 1lift increases
with 7V, , the drag horsepower increases with Vos. The

ratio of weight.to power therefore varies inversely with
Vo even if the efficiency i1s in mno war aZfectad.

. In order to flr with the »roposed mechanism at the
contenplated .velocitles, .orne nuct find noans of decreasing
the Dower loading or of increasing the lift-drag ratios at
present attainable in aircraft or of reducing the drag .of
the described jot.

In the attainment of a decrease in power loading, any
‘nethod, of moaking tiae power plant moreo efficient, of decreos-
ing 1ts wolght, or of irproving its nowor oubtput would be
useful. 4Ancng othor rmodifications of tho conventional gas~
ollne engine with theco ains in view, rar be rontionod a
consplcuously succossful usoc of the ozhanst gas to obtaln
thrust by ncans cf rnozzles or tho exheust stacks. Accord-
ing to a conservative estimate based or results recently
obtalned. by the NACA at Langler Field, it is poassi?dle to
obtaln, ot o voloelty of 700 fect poer eecond and 900 fest
per socond, respectively, a 1l3-pergent and o l6-percent-
net increaso in thrust power te;rond -the thrust Hower ob-
tained -wibthout use of the momeatum of tae oxhnust. This
inereaso in thrust power is accornlished without any irc-
croase in exhaust back pressure.

Anothor usc for the ozhaust gas nay bc mentlonocd in
this connection. If the ex:tauet of the engine of the de-
vice described 1s ejected into the hi h-pressure reglor
behind the »nropeller, its heat narr be used in a constant-
nresgure cy¥cle toc produce additiorel thrust. For a spo-
cific energy innut € equal to 1, o7 the compressor, &t
Vo = 700 feet per second, the i1deal air cycie thermal effi-

clency of the constant-pressure cycle is avout 9 percernt,
If an efficlency of 35 percert is assumed for the prime
nover, the Srake power recovery from the exhaust would be
~about 17 percent of the brake power and tho thrust power
recovery would be about 13 percent of the original brake
power.
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The attainable thernmal effliciency would bde sonevhat
lese than the alr crcle thernmal efficicncy. Xven 1f tiae
" prodiction 1s coneidered quite reliable. in .practico, cor—
tair dlisadventages are inkorent in this method of scaveng-
ing tho koat cnergy of theo exhaust. The officlency of the
su.;08ted auxilliary devico deponde coriticelly on tihe pros-—
sure at the exhaust outlot, As tho thermal efficioncy of
tho auxiliary cyclo inereases, tho total officlencyr in-
croaso 1s sonmerkat smaller; at the same tire, the maxinun
power output obtainable from the enginoc ig serlously re-
ducod by the effect of dack prossurs in increasing the
quantity of residual gases in the cylinder. It would
thoreforo seen safe to conpglude that tho nothod in which
- tho Jot scavongos mechanliecnl onergr diroctly from the Otto
crclo oxhaust gnsos 1s proforabdle to tho method in which
tho nochonlcal orergy 1s saexrifiocod, in largo vart, to ro-
. covor thormal energy. Othor possible nmethods of docreas—
iag powor loodirg will noet bde dlscussed hore.

In considoration of other methods of accomplishing
flight at high velogitios with a mechanically actusted Jot,
it is supposoldly possible to inerease lift-drag ratios dve~
yond present limite. If tho ratio is increased by an in~
croaso in wing loadings, sgawe specinl nonns of landing and
take—=off night be roguirod.

Tho inprovencent of tho officlency of the diffuser,
tho propellor, and the nozzle 1s properly a fleld of ex—
porinental invostigntion._. ... e

- - . . - -

cqnonuq;gns-

s . - . . . . .
-

_ 1. Attdinable propuluivo efficiencies at high speods
below sonic 7elocity aro cortAin to be lowar than is.con~-
non ot law sneodS'with the convont‘onal propollor.

2, Tho propollor-actuntod jot ig’ d031gnad to provide
a neana of propulaion at epoods botvyoen the vyurbling .speeds
for proporlers and tinga. It will bo rolatively.officlont
as ‘conpared with tho ordinary ungine-propollbr or conven—
tiomol Jot at tho sang speodsg.

1. - - . -
T . . .

3. Sdne‘forn of the: convénfioﬁnl jot ‘should .Bo cuna—
ble of ‘dov¥oloping nore thrust- powo; por pound of nachinorv
than tho dowrico congldercd wut onlr ot the cogt of consid-
ornbly reduced aFficiancy.vn .. :

Lcnglov Monoric) Aoronautical Laborntorv. PR R o
* Notional Adyidory -Gonzittoe for Loron&utics. T
T Langlev Ftold Vu. o T

e N . S S
' . ~ 4
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e TSI
| .STMBOLS. . , '

cross soction of inductod nlr stroan at tho point
whoreo 1ts volocity is equal to clirplans speod,
square foet

sonlc veloclty at diffuser entrance and exit, re-
gspectively, feet per second

over-gll drag and 1lift coofficlents for alrplane

internal drag coefficlent of Jet systen based on
inside area

external drag coefficlent of a Jet, based on wing
area .

hegat energy in fuel durncd per second in Jet, foot-
pounds per second

energy in fuel bnrnpd.pef gsocond in Jet dHurner and
in comproessor englne, respectively, foot-pounds
per second ' . .

enorgy {nput por socond to the.-diffuser of a pro=-
peIler-actuated jet, foot~-pounds per second

oenergy laput nDer second to the coﬁﬁréssor of a pro-
peller~actuatod Jot, foot-mounds per second

loss of nmochanicel onergy by alr passing through
jot in 1 socord, foot-nounds per second

nass of alr passing through Jet, slugs por socond
Mach nunber (V,/ay)

pressure, at frco strean, hefore propoller and af-
ter propollor, rospocitivolr, pounds per squaro
foot

thrust powor devolopod by Jet, foot-pounds por
sccond

tarust power oxpondod in ovorconing oxterior drag
of jot, foot-pounds per socond
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net thrust power (Pp ~ Pp), foot-pounds por socond

Powor rogulred for conpressipon of air in convontlon-
el roaction Jet, foot-pounds por second

intornal surfaco aroa of duct, squaro foot

wing area of alrnlarc, squaro foot

not thruet oxertod by Jot, -ounds

alr-strecan volocity at diffuser ontrance, diffuser
oxlt, and nozzle oxit, respoctively, foet per
second

gross welght of alrplanc, -ounds

nochanical orergy per socond produced from fuol on-
ergy by thormal cvecles of jot, foot-pounds por

second

not nochanicel oaecrgy n»er second imparted to ailr
strean nassing through Jjot, foot-pounds per socond

H

atlo of snocific heats for ailr

x

sneclfic onergr input (JBL—j?
o y2
5 Vo

N1 Na

spoclfic onergy irput for Jet withaout nechanical
2roconpression burning stolchioretric alr-fuel
rixture

epeciile oncry input corroshonding to nmaxinun Dropul-—
eilve officioncyr (nPr)nax with given p and k

-

A

e¥clo efficlioncy (%él
fl

propoliler efficloncy C;E>
1

P
wake efficlency G§I>
2
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P
npr not propulsive offlclorncy (ﬁi%?

(hpr)nax paxinun propulsive. efficlency for glvon B and K

P
n not ovor-nll officiency (_;;t

cfficlorcios of diffuger, nropellcer, and nozzlb.
respectively. Soo nppondix C for doflnitions

no,1,a
Tipr ' = T'pr/ﬂ:.na
Ny, Ny® crele offlclorcies of Jet durner nrd comprosreor
. orgino, resnmoctively, in convontional roaction
Jet
§= l -~ Vla/voa

K goneralized insternal drag coefrficlent of jet moch~
anisn

k= L (1 - MyMa)

B,ut goneraligod oxtornal drag coeofficlent of Jet nech-
anisn

o] cir dengity, slugc »or cublce foot
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APPENDIX 3B
PHE DERIVATION OF THE MAXIMUYM VALUE-OF-
SPECIFIC ENERGY INFUT

Givon

= —-E = 2' —-E -~
e - ‘>1+,/ETTTT¢ e (1)

This exprossion nay also bo written

=2(. e - k- I -
N = 2 1L+,/1+ ¢~k 2) (3-2)
In ordor to find tho raxinumn wvaluo, cot E%%E =0
an
_der —_— {1l - J/i + € - K *+ g) 1 =0 (B-3)
l + € - K
Now lot ~/1 + € ~K =%, € =22 + K = 1 (B~a)

Aftor iniroduction of (B-4) into (B=3) and roducilon
22 =~ (2 + ) g2+ 1 =~ g=0 (B-5)

Solvod for =z, equatlion (B=~5) yiecléds

a
_ 2+ (2 + )
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or

g8 =1+ €~ K= (4 + 4p + p?)

i

N

£ (2+p) / {2+ + k=1 + i (a+4p+p?) + K = 1 .(B=6)

If oxprossion (B-7) is solved for € wilth tho aild of (B-4)

€ = E__(_g_t’*_l + 2K +(T-2”-'+ 1)fu3 + 4 (ME)— (B~7)

APPEWDIX C
DERIVATION OF EQUATION FOR NET PROPULSIVE ®FFICIINCY

OF MLSHLNICALLY ACYUATID JET

i v,®

0

(C-1)

S

where V is the cpecd of the alrnlano, and the subscripts
o and 1 refor to the froo stronm and thns promncller, ro=
gpoctivel», The power tr-ngforncd by tho diffuser fron
alr snocd to0 alr prossuro ig written

-] 2 2 voa
By =5 (V2 - 7,9 = - ¢ (0-2)

If My, is the &iffusor efriciemar, (1 - T,) E, 18 tho
powor lost in thc proncess. BSimilarly the powor loss in
the propeller is (1 - M,) B;, where M; and [; aro
the propollor ofriclency nnd th~ power irput, ruspociive=~
ly, B, D%oing acsunod to vo in the Torm of prossuro. If
Mz 1o the nozzlo efficiency and if the nozzle is as-

suned to transform into wvoloecltyr the pressure incremceat
inposed by the diffusor and tho provollor, the pvower loss
in the rozzle will bo equal to (1 = MNgy) (7B, + N,E,).
The totel pover loss will thon bo
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2 u¥2 Kk =(1-N)E, + (1=My)E; + (1-Mg)(N B, + ME,)  (C=3)

or, with the aid of equation (0-2),

' B
Kot 0= TeNa) + (1~ MNa) =23
v
2 o
52%1; ls aqual to € as previously defined, so flnally
2 Yo
K = L (1 . ﬂoﬂa) + € (1 - ﬂ;ﬂg) (0-4)

If thls voluo of K it subastituted 1in equation (21)
npr' the propulalve efflciaoney of the devico, becomes

(1 - n,1M,)

Nor = [1 - ¢ 2 9. 3

- (1= Mng) | = 2 =€ (e5)

1+ v/l - t(1 = MpMa) +:€M N,
or :
§(1~ﬂ na) . 2

=7, Ma [ 1 9 ~ B ](0—6)

ksl ( NaTat ) 1+ in'g(l—nona)+n1na‘ MaMg¢

In order to put equation (C-<6) into the form of eguation
(21) of the text, the following gquantities are definadt

W't Wm0 (o

€' = M€ (c~8)

k! = ((1-NyMNa) (c-9)

and pt = (C-10)

When those quentitios are introduced into oquation (0-8),
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thls equation becomes

t 2 '
o' = (- & - & (211)
1+, /1 + €t =gt

which is idontlcal with oquation (21).

The dorivation shows that, although oequation (21) of
the toxt ond figures 1 and 2 do not apply directly in this
instance to the propulsive efficiency npr nd to the

epeclfic power input ¢, the cquation and the flgures do
apply to certain auxiliary gquantitles T,,! and ¢! that

are related to Tpr and € br equations (C~7) and (C-8),

if kK and P are replaced by k' and p? defined in
equations (C~9) and (C-10),
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TABLE ¥ - FREDICTED CHABACTFRISTICS OF SIX ASSUMED VERSIONS OF THE MECHANICALLY ACTUATED JET

[Vblocity at propeller, 600 fps; propeller tip speed; 849 fpe; {

el

-]
=1 (V1 .
t-{vo) ¢

K = (Fngny)i w' = Cpg ?;f: Cmax = nl‘“: v (pr)pay = (npr ey *h"s_;]

Air- | Dif- Pro- | dea- saximum gllowabl

Air- |plane | fus- pel- zle power loadlng
plane 751;0- e:;i- i;;i- czzii;, ¢ kol feigax (n?;)mgx €naz | (pr)max (lb/hhpz__

(epe) | ctemer ctomr -
la | 700 0.98 0.95 0.99 |0.264{0.0079{0.,01 {0,305| 0.877 |0.328{ 0.816 | 5.13 9.62
2a | 700 .98 .90 .98 .264] ,0106| .02] .415 8423 | .471 744 | 4.66 | 8,75
3a | 700 .95 .80 .98 .264) .0182]| .04} .610 .782 | .BO3 .594 | 3,73 7.00
1b | 900 .98 «95 .99 .566| .0167| .02 .461 831 | .49 775 | 3.89 7.30
2b | 900 .58 .90 .98 .556| .0222| .04 .636 .786 | 721 .694 | 3,39 6.36
3b | 900 .95 .80 .98 .566] .0389 'OBJLLQGS L7117 |1.27 .545 | 2.67 5.00

se
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PABLE II. ~ OURRENT AVAILABLE LIFT-DRAG BATIOS
- AND POWER LOADINGS

Power loadiang without
auxiliary exhaust
jet propulslon

5/ Cp

(Lb/thp) (1b/bhp)
Pursuit alrplane 2g 7.0 6.0
Tranoport epirnlane - 89 14.7 12,5
Bomber on 10.0 B.5
NAQL 4412 nirfoll:
Rectangular; aspect -
ratio, 6 007
Rectangular: aspecs
ratis, 9 bas
Blliptlcal; aavpact b
roatio, 9 29

BAt top speed.

Prheoretical moximum valuo; apprroximated by use of elemen=—-
tary airfoil theory (reference 9).
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Propeller

Figure 2.~

ariation of
maximum net pro-
pulsive effioi~-
ency (nye)max

with internal

drag coefficient
of duct k for
various extarnal
drag coefficients
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Maximum net propulsive efficiency, (o), o
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Figure 4.~ General plan of propeller-actuated jet.
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Pigure 5.- Some applications of the propeller-actusted jst. ™

Yovx

{a) Installation
at rear of

fuselags.

(b) ¥Wing tractor

installation.

(c) Wi ‘ pusher 2
installation. 3
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Ratio of compressor power to thrust power, P./Pr
(a) Velocity, 700 feet per second. (b) Veloeity, 900 feet per second.

Figure 3.- Variation of efficiencies with the ratio of compressor power to thrust power for a
conventional jet,

¢ *B1g




NASA Technical Libr.

31176 01403




